Severe asthma and COPD share common pathophysiologic traits such as relative corticosteroid insensitivity. We recently published three transcriptome-associated clusters (TACs) using hierarchical analysis of the sputum transcriptome in asthmatics from the U-BIOPRED cohort with one Type 2-high signature (TAC1) and 2 Type 2-low signatures.
Introduction
Severe asthma and COPD share common pathophysiologic traits such as airflow obstruction, eosinophilic inflammation and corticosteroid insensitivity (1) (2) (3) . Although inhaled corticosteroids (ICS) are the gold standard therapy for controlling inflammation in asthma, patients with COPD are less likely to respond to ICS therapy (4) (5) (6) . However, improvements in lung function, exacerbation risk and all-cause mortality with ICS treatment when used in combination with long-acting beta-agonist (LABA) bronchodilators have been reported recently (7, 8) . In addition, some patients with COPD with no previous history of asthma can benefit from ICS, such as those with high blood eosinophil counts (9) (10) (11) (12) (13) (14) . It has previously been shown that gene expression profiling in bronchial biopsies in COPD may identify those with asthma-COPD overlap, as reflected by a Th2-high inflammatory profile and a favorable shortand long-term ICS treatment response (3).
We have recently described three transcriptome-associated clusters (TACs) in the U-BIOPRED asthma cohort using hierarchical clustering of genes differentially expressed in sputum between eosinophil-high and eosinophil-low asthmatics (15) . These TACs consisted of an interleukin (IL)-13/T2-high predominantly eosinophilic cluster (TAC1) and two T2-low gene expression clusters characterized by neutrophilic inflammation and inflammasome activation (TAC2), and metabolic and mitochondrial pathways (e.g. Mitochondrial Oxidative Phosphorylation (OXPHOS)) (TAC3). These TAC signatures define patients with distinct clinical phenotypes. TAC1 was associated with sputum eosinophilia as well as elevated exhaled nitric oxide levels and was restricted to patients with severe asthma, frequent exacerbations and severe airflow obstruction. Given that these patients were dependent on corticosteroids, we hypothesize that TAC1 identifies a steroid-sensitive subphenotype of severe asthma. TAC2 showed the highest sputum neutrophilia, serum C-reactive protein levels and prevalence of eczema, while TAC3 asthma patients had normal to moderately elevated sputum eosinophils and better lung function (15) .
In the current study, we hypothesized that these TAC signatures are also expressed in bronchial biopsies of mild-to-moderate COPD patients. Initially, we determined whether we could remap the sputum derived TAC signatures to biopsy transcriptional data. To do this we performed an unsupervised clustering of the genes, previously associated with the sputum TAC signatures, in the bronchial biopsy transcriptome. Using gene clustering, we derived the same TAC signatures in COPD patients. Next, we investigated the influence of short-term (0-6 months) and longterm (0-30 months) ICS therapy on these signatures as well as their ability to predict corticosteroid responsiveness in COPD.
Materials and Methods

Patients and study design GLUCOLD Study
Gene-expression profiling was performed in bronchial biopsies from COPD patients participating in the Groningen Leiden Universities Corticosteroids in Obstructive Lung Disease (GLUCOLD) study (16) . The study was approved by the local medical ethics committee and all patients provided their written informed consent. The study design and inclusion criteria have been previously described (16) . Briefly, this study required participants to be either current or ex-smokers with COPD at GOLD stages 2 and 3 and not to have used ICS treatment for at least 6 months prior to entry to the study. There were 4 parallel groups of patients who were treated with 1) placebo twice daily for 30 months (Placebo group), or 2) Fluticasone propionate (FP) 500µg twice daily for 30 months (FP group), or 3) FP 500µg + Salmeterol (S) 50µg twice daily for 30 months (FP/S group), or 4) FP 500µg twice daily for 6 months and then 24 months with placebo (FP/Placebo group), referred to as the withdrawal group. As we have previously shown there is a minimal effect of the LABA in the presence of ICS on bronchial biopsy gene expression compared to ICS alone (9), groups 2 and 3 were analyzed together and will be referred to as ICS±LABA group. Bronchial biopsies were taken at baseline and after 6-and 30months, amongst others for microarray gene-expression profiling. The methods for mRNA isolation, labeling, microarray hybridization (Affymetrix HuGene ST1.0 arrays) and data processing have been described previously (9, 17) .
Sputum collection
Sputum was induced by inhalation of hypertonic saline solution and sputum plugs were collected from which sputum cells and sputum supernatants were obtained, as described previously [16] . Expression profiling was performed using Affymetrix U133 Plus 2.0 (Affymetrix, Santa Clara, CA, USA) microarrays with RNA extracted from sputum cells, as described previously (15) .
Signatures summarized by gene set variation analysis
Gene Set Variation Analysis (GSVA) was used to calculate composite scores of the previously described sputum TAC signatures (table S1)(18) within the GLUCOLD bronchial biopsy transcriptome data as indicated by a sample-wise enrichment score (ES). ANOVA was used to analyse the ES differences among group means and a t-test was applied to compare the ES differences between the two means.
Clustering
To recapitulate the TAC signatures in the bronchial biopsies of the GLUCOLD study, hierarchical clustering analysis was conducted on the genes previously associated with the sputum TAC1, TAC2 and TAC3 signatures in bronchial biopsies at baseline, using the method as previously described (15) . The intensities of the raw probe sets were log2 transformed and normalised by the robust multiarray average method (19) .
Correlation of TAC signatures with inflammatory and clinical parameters
Baseline TAC signatures in bronchial biopsies (TACs) were correlated with each other and baseline sputum and biopsy inflammatory cell counts as well as treatment-induced changes in inflammatory cell counts and lung function measurements using Spearman correlation. Cell-type specific expression signatures were created by determining the percentage of reads each cell type contributes to the overall counts for a given gene. Genes with counts<200 across all cell types were removed from the analysis. Genes with >50% of total reads mapping to a single cell type and <10% reads in any other cell type were selected as cell-type-specific genes to generate the signatures. A maximum of 25 genes was taken for single types that had >25 unique genes. As not all genes detected in the single-cell seq were present on the Affymetrix hu gene ST1.0 microarray, genes not present on the array were removed from each signature. A heatmap was made of the genes corresponding to the identified cell types using gene expression dataset from the GLUCOLD study. To investigate the influence of ICS on mast cells an ES score was created for each cell type using GSVA.
Bronchial biopsy single-cell signatures
Air Liquid Interface culture (ALI) and RNA-Seq
Primary airway epithelial cells (n=6) were cultured as previously described (21, 22) .
Following differentiation, for 28 days cells were then growth factor deprived overnight and then treated apically with/without Fluticasone Propionate (10 -8 M) for 24 hours. RNA was then extracted and processed for RNA-Seq as previously described (22) . Differential gene expression analysis was done using the R package limma (V3.42.0) correcting age gender and the first 2 principal components.
Results
Patient Demographics
A total of 81 out of 89 randomized COPD patients from the placebo (n=23), ICS±LABA 30month treatment groups (n=39) and ICS withdrawal group (n=21) had bronchial biopsy RNA available of sufficient quality to be run on the Affymetrix Hugene ST1.0 arrays. Table S2 shows the patient demographics.
Clustering of the TAC signatures in bronchial-and sputum-derived TAC phenotypes
Initially, we performed hierarchical clustering on the genes associated with all three TAC signatures in bronchial biopsies at baseline (n=58) (Figure 1A) ; the withdrawal group (group 4) was removed for this analysis to avoid batch effects as these arrays were run at a different time point. Three distinct subgroups of COPD patients were identified (clusters green, blue and red, corresponding to TAC1, TAC2 and TAC3). We next used GSVA to create enrichment scores for several biological pathways, which previously distinguished each original sputum derived TAC signature (15) . We compared the enrichment of these pathways in the three biopsy TACs (bTACs) of the COPD patients. The red cluster, bTAC1, was associated with an IL13/T2 signature ( Figure 1B) , which was previously found to distinguish the eosinophil high sputum TAC1 signature (15) . The green cluster, bTAC2, was associated with the inflammasome signature ( Figure 1C) , which was previously found to distinguish the neutrophil high sTAC2 signature. No individual group was found to be solely associated with oxidative phosphorylation (OXPHOS) (Figure 1D ), a pathway that was characteristic of sTAC3 in asthma. As all COPD patients were either current-or ex-smokers, we also investigated a smoking-related signature, derived from bronchial brushes of current and non-smokers (23).
This smoking-related signature was found to distinguish bTAC3 in out COPD cohort from the sTAC3 in the asthma study ( Figure 1E ), and to be associated with the COPD bronchial-derived blue cluster ( Figure 1F) . Here we show that the same TAC signatures derived from asthma sputum can be recapitulated in COPD bronchial biopsies. Henceforth, we will use the signatures derived from the TAC publication (15) .
Relationship between TAC signatures
ES scores were created for all three TACs using the bronchial biopsy expression dataset at baseline. Bronchial biopsies at baseline showed a wide range of expression of the 3 TACs (Figure 2A) , with a significant inverse correlation between ES TAC1 and ES TAC3 (r=-0.3814, N=58, p=0.0031) and a positive correlation between ES TAC2 and ES TAC3 (r=0.4789, N=58, p=0.0001, Figure 2B-D) . No significant correlation between ES TAC1 and ES TAC2 was observed. These findings indicate that there is a relationship between the TAC signatures and they are not independent features.
Longitudinal treatment with ICS modulates the TAC1 signature only
We next investigated whether the ES of the TAC signatures were altered during ICS treatment and after ICS withdrawal (Figure 2E) . The ICS withdrawal arm of the study was only compared to itself due to batch effects in the arrays used to quantify gene expression levels. The ES of the TAC1 signature was found to be reduced following 6 and 30 months of ICS±LABA treatment compared to baseline. No differences were seen in the placebo group over 30 months. However, following 24 months of ICS withdrawal, the ES value did not return to baseline to baseline. ICS treatment had no effect on the inflammasome-TAC2 ES but did increase TAC3 in the 30 months ICS group, but this was not significant compared to the time-matched placebo group ( Figure   2F -G). A differential gene expression analysis (Figure 2H, Table S3 ) indicated that the ICSinduced shift in the TAC1 signature was driven by four genes: Interleukin 1 Receptor Like 1 (IL1RL1), TCR Gamma Alternate Reading Frame Protein (TARP), Tryptase beta-2 (TPSB2) and carboxypeptidase A3 (CPA3). To determine which cell-types were contributing to TAC1 sensitivity to ICS we applied our previously published single-cell RNA sequencing (scRNA-Seq) dataset obtained from bronchial biopsies of healthy control and asthmatic patients (20) .
Initially, tSNE plots were created for the ICS sensitive genes (IL1RL1, TPSB2 and CPA3) from TAC1, while TARP was not present in the scRNA-Seq dataset. tSNE plots made from epithelial cell subpopulations/subsets showed no specific expression of the three genes (Figure S1A-D) , while the tSNE plot of non-epithelial cell populations identified all three genes as mast cellspecific ( Figure 3A-D) . To further investigate the effect of ICS on mast cells and other cell populations, we took two approaches: 1) we examined the change in gene expression of cell type-specific markers developed from the scRNA-seq data obtained from bronchial biopsies, and 2) we examined the histological staining of mast cells in adjacent biopsies from the same patients (20) . Of the 14 cell type-specific gene signatures, the mast cell signature was found to be one of the most sensitive to ICS treatment (Figure 3E) . A GSVA analysis of mast cellspecific genes identified from the single-cell seq (TPSB2, SLC18A2, MS4A2, HPGDS, and CPA3) shows a clear decrease in the mast cell signature after 6 and 30 months ICS±LABA treatment compared to placebo, with an increase in expression of this signature following 24 month ICS withdrawal (Figure 3F) . Similar results were found for the histological staining of mast cells cell numbers measured by tryptase (AA1) staining in adjacent biopsies (Figure 3G) .
Moreover, a decrease was seen in the placebo arm at 6 and 30 months but this was not significantly lower compared to time-matched ICS treatment controls. There was a statistically significant correlation between the mast cell signature and log mast cell counts in adjacent biopsies (Figure S2) . Finally, we investigated the percentage that each cell type contributes to the overall gene expression of CPA3, TPSB2 and IL1RL1 in bronchial biopsies (Figure 4A) .
Although IL1RL1 does appear to be mast cell-specific in tSNE plots, more than ~50% of its total expression in biopsies is coming from basal epithelial cells. To determine whether the decrease of IL1RL1, TPSB2 and CPA3 was a direct effect of corticosteroid therapy, we treated airway epithelial cells differentiated at air-liquid interface with Fluticasone Propionate (FP) for 24 hours and measured gene expression by RNA-Seq. IL1RL1 gene expression was found to be significantly decreased by FP, while CPA3 and TPSB2 were not detected in airway epithelial cells, which is to be expected as both CPA3 and TPSB2 were specifically expressed in the mast cell cluster base on single-cell Seq (Figure 4B) .
TAC association with physiologic and inflammatory features of COPD
To determine the relationship between the TAC signatures and clinical and inflammatory features, we first investigated their relationship to matched sputum inflammatory cell profiles.
At baseline, higher TAC1 was associated with higher sputum eosinophil and neutrophil counts ( Figure 4C&D) . The ES of TAC1-3 was not associated with airflow obstruction (FEV1% predicted) or hyperinflation (residual volume, RV %predicted) ( Table 1) . Finally, we determined whether baseline TAC signatures could predict the ICS treatment response as reflected by improvement in lung function and decrease in inflammatory cell counts. Higher TAC1 baseline ES was associated with a more pronounced decrease in sputum neutrophil and eosinophil numbers after 30 months treatment with ICS±LABA ( Figure 4E&F, Table 2 ), while a higher TAC3 was associated with lesser improvement of lung function measured by FEV1% predicted (Figure 4G) . Interestingly, TAC1 signature at baseline, was associated with improvement of lung function measured by RV/TLC% predicted over the 30-month period ( Figure 4H ).
Discussion
We found that the genes represented in the TAC signatures derived from the sputum of the U-BIOPRED asthma cohort are also expressed in bronchial biopsies of COPD patients. High enrichment of the TAC1 signature (high eosinophilia/Th2 high) in COPD serves to confirm the existence of an eosinophilic phenotype associated with the T2 pathway. In addition, the suppression of this signature by inhaled corticosteroid therapy and the reversal of the expression of this signature by cessation of inhaled corticosteroid therapy reinforces the similarity of this COPD endotype to severe eosinophilic asthma. Furthermore, we found that the ICS treatment effect on TAC1 was the consequence of three genes expressed in mast cells: TPSB2 (a tryptase II gene, selectively expressed in mast cells), IL1RL1 (the receptor for IL-33) which is expressed on many inflammatory cell types including mast cells, eosinophils, neutrophils, innate lymphoid cells and epithelial cells and CPA3 (carboxypeptidase A3), a gene selectively expressed in mast cells, and part of a sputum signature that predicts treatment response in asthma (24, 25) . Finally, the TAC1 signature correlated with sputum eosinophil and neutrophil counts and also predicted ICS response at both 6 and 30 months in COPD. In contrast, gene signatures associated with the TAC2 (inflammasome) and TAC3 (smoking signature) were unaffected by ICS therapy or its subsequent withdrawal.
An increased TAC1 expression, previously identified to reflect Th2 high inflammation, was found to be associated with higher sputum neutrophil and eosinophil counts. These latter results are in line with previous findings that asthma-derived Th2 signatures measured in bronchial biopsies correlate with airway wall eosinophil counts and blood eosinophil percentages and a more severe airflow obstruction in COPD (3) . The association with TAC1 and neutrophils has not been described in previous publications and may be due to the difference in gene expression levels and cell composition between the original sputum samples and the biopsy samples.
Furthermore, we show that higher baseline TAC1 expression predicts a more pronounced ICS treatment-induced decrease in eosinophil and neutrophil numbers in sputum. Furthermore, TAC1 predicted an ICS-induced improvement in RV/TLC% predicted. The ICS sensitivity of the original TAC1 signature was predominantly associated with the genes CPA3 and IL1RL1.
CPA3 is a metalloprotease usually used as a activation marker of mast cells (26) , while IL1RL1 has been identified in a number of Genome-Wide Association Studies (GWAS) to be associated with wheezing phenotypes and asthma in childhood (27) , with the risk allele being associated with higher expression of the gene in airway tissue (28) . Both genes are associated with the Th2 response in asthma (18) .
Interestingly in asthma, it has previously been shown that the severity of the diseases as measure by hyperresponsiveness in the presence of corticosteroid treatment was related to Mast cell % in bronchial brushes (29) . While in COPD, Tryptase positive mast cells were found to be positively correlated with lung function (FEV1/VC) (30) . In the current study, we show that the TAC1 signature which is driven by mast cell-specific genes at baseline can predict improvement in RV/TLC% predicted following 30 months ICS therapy.
Mast cells reside in the airways and other organs and impact on both the innate and adaptive immune response via the secretion of numerous inflammatory bronchoconstrictor mediators
such as leukotrienes and prostaglandins (31) . Activated mast cells, particularly chymase and tryptase positive connective tissue mast cells, release large amounts of CPA3. Interestingly, IL1RL1 is not only present on granulocytes but also expressed constitutively by mast cells and its ligand, IL-33, stimulates mast cell adhesion to laminin, fibronectin, and vitronectin, and mast cell survival, growth, development, and maturation (32) . In addition, mast cell-derived tryptase and chymase cleave IL-33 to generate mature active forms (32) . Together, these data suggest that mast cells represent a major target for ICS in ICS-sensitive COPD patients. However, whether this shift in mast cells is a consequence of the causal mechanism, not the mechanism itself remains to be determined. Although we did find IL1RL1 expression to decrease by corticosteroids directly in the airway epithelium, the lower expression in bronchial biopsies may result from the decrease in mast cell numbers and only partially be due to direct repression of gene expression in other cell types. Furthermore, we are blinded to the eosinophils that are also known to express IL1RL1 due to the difficulty of performing sc-Seq on this cell type (20) .
The TAC signatures, originally derived from the U-BIOPRED asthma cohort, were recapitulated in bronchial biopsies and predicted corticosteroid responsiveness in patients with mild-to-moderatee COPD. This highlights a potential overlap in the pro-inflammatory signatures that are present in asthma and COPD. Asthma-COPD overlap syndrome is derived from a concept that both asthma and COPD patients can share clinical traits and therefore share responsiveness to particular treatments (1) . Using asthma-derived signatures such as the TACs may provide an important method of identifying COPD patients that have asthma-like features such as responsiveness to ICS therapy, T2-or mast-cell-directed treatments.
In conclusion, we found that the sputum-derived TAC signatures could be recapitulated in bronchial biopsies of COPD patients. Furthermore, Th2-high TAC1 signature was found to be related to more sensitivity to ICS and to be predictive for the degree of suppression of mast cell inflammation following ICS treatment. Finally, this study shows that asthma and COPD share common gene signatures, which may be used to predict subsets of COPD patients sensitive to corticosteroids.
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